The centromere is the part of the chromosome that organizes the kinetochore, which mediates chromosome movement during mitosis and meiosis. A small fragment from chromosome 3, named Duplication 3a (Dp3a), was described from UV-irradiated materials by Stadler and Roman in the 1940s [Stadler LJ, Roman H (1948) Genetics 33(3):273-303]. The genetic behavior of Dp3a is reminiscent of a ring chromosome, but fluoresecent in situ hybridization detected telomeres at both ends, suggesting a linear structure. This small chromosome has no detectable canonical centromeric sequences, but contains a site with protein features of functional centromeres such as CENH3, the centromere specific H3 histone variant, and CENP-C, a foundational kinetochore protein, suggesting the de novo formation of a centromere on the chromatin fragment. To examine the sequences associated with CENH3, chromatin immunoprecipitation was carried out with anti-CENH3 antibodies using material from young seedlings with and without the Dp3a chromosome. A novel peak was detected from the ChIP-Sequencing reads of the Dp3a sample. The peak spanned 350 kb within the long arm of chromosome 3 covering 22 genes. Collectively, these results define the behavior and molecular features of de novo centromere formation in the Dp3a chromosome, which may shed light on the initiation of new centromere sites during evolution.
epigenetics | neocentromere T he centromere is a unique chromosomal domain that ensures accurate segregation of chromosomes during mitosis and meiosis in eukaryotes. The centromere was first described in 1882 as the primary constriction in the chromosome (1) . Centromeres are essential for chromosome orientation and separation and usually contain highly repetitive DNA sequences, which associate with kinetochore proteins. The centromere is paradoxical in that its basic function is highly conserved but the DNA sequences are divergent (2) . The centromere-specific H3 variant, CENH3, associates with the centromeric region, which provides the basal foundation for recruiting the kinetochore proteins (3, 4) .
The positions of centromeres on chromosomes are generally conserved. However, neocentromeres have been identified in human chromosomes at ectopic sites of unique DNA where functional kinetochore assembly occurs. These neocentromeres rescue chromosome fragments for subsequent transmission and segregation (5) . Recently, studies have shown that CENH3 chromatin directs and induces the formation of new centromeres (6) (7) (8) .
Maize centromeres contain two basic types of DNA elements. One is the centromeric satellite referred to as CentC, a 156-bp unit present at all primary constrictions of the 10 chromosomes (9). Another element is a retrotransposon family named Centromeric Retrotransposon of Maize (CRM) (10, 11) . The term "neocentromere" in maize originally was used to refer to a specific behavior of heterochromatic knobs, which exhibit centromere activity only in meiosis and only in the presence of abnormal chromosome 10 (12) and do not have the usual fundamental centromeric proteins (13) . In other plants, the term "neocentromere" applies to plants with centromere activities throughout the life cycle, which have been described for a barley chromosome (14) and a maize chromosome fragment in oat (15) . Here we provide evidence that a small chromosome fragment in maize, which was recovered from UV irradiation decades ago, lacks CentC and CRM sequences but nevertheless has a de novo site with centromere function throughout the life cycle. This small chromosome fragment has a 350-kb CENH3-binding region, which is involved in new centromere formation and originates from chromosome arm 3L.
Results and Discussion
Cytological Examination of Somatic Metaphase Chromosomes in Duplication 3a. Duplication 3a (Dp3a) is a chromosome fragment derived from the long arm of maize chromosome 3 and recovered by Stadler and Roman (16) . It contains the dominant alleles of the anthocyaninless1 (A1) and shrunken2 (Sh2) genes and typically exhibits a mosaic phenotype due to somatic instability (17) (Fig.  S1 ). We performed fluorescent in situ hybridization (FISH) on somatic chromosome spreads from root tips containing Dp3a, using CentC and CRM as probes. All normal chromosomes exhibited CentC and CRM signals at the centromere regions, but no signals were found on the Dp3a chromosome even after overexposure (Fig. 1A) , indicating the absence of a normal centromere or indeed any detectable canonical centromere repeats.
It was originally not clear whether the Dp3a chromosome was linear or circular (16) . The regular somatic loss and apparent rearrangement of the chromosome was reminiscent of a ring chromosome. However, using a maize telomere sequence probe, we detected signals at the ends of the Dp3a chromosome by fluorescent in situ hybridization (FISH), suggesting a linear structure in its present form (Fig. 2) . The signal strength was routinely stronger at one of the ends. Also, as noted by Stadler and Roman (16) and our own observations, the structure of Dp3a at the pachytene stage of meiosis appears linear ( Fig. S2 ) and has never been observed in an open circular form but with the caveat that nonhomologous sequences could pair to form a collapsed ring. Chromosome breaks in maize will heal in the sporophytic generation (17) by the addition of telomere repeats (18) , which could have occurred during Dp3a formation. It is not known whether the detected telomere sequences originate from a normal chromosome end or from addition to a break.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1303944110/-/DCSupplemental. chromosomes in maize, sister chromatids of the Dp3a chromosome separated at anaphase I (Fig. 3C ) and then moved to the tetrads in meiosis II (Fig. 3D ).
Centromeric Chromatin Assembly on the Dp3a Chromosome. Given the lack of canonical centromeric DNA on Dp3a, we tested for the presence of centromeric chromatin. Immunostaining revealed the coincident presence of CENH3 and CENPC in root-tip cells ( Fig. 1 B and C) and in pollen mother cells (Fig. S3) . Another feature of centromeric histones is phosphorylation, which is necessary for centromere function and maintenance (19, 20) . We used three histone phosphorylation antibodies (against H2A-Thr133, H3-Ser10, and H3-Thr3) to study the Dp3a histone modifications. All three types of phosphorylation were detected (Fig. 1D and Figs. S4 and S5 ).
Three-Hundred-Fifty-Kilobase Sequence Is involved in Dp3a Centromere Formation. To define the DNA sequences associated with the centromere-specific histone CENH3 in Dp3a, we used plants grown from kernels from the same ear with and without the Dp3a chromosome to perform chromatin immunoprecipitation (ChIP) using maize CENH3 antibodies. Before ChIP-sequencing, we used FISH to test the relative enrichment in the immunoprecipitated DNA sequences from centromeric regions. The recovered DNA was labeled as FISH probes and used to test whether signals were localized to the centromere regions. The centromeric regions of the chromosomes were strongly labeled as anticipated. Although potential CENH3-associated sequences from Dp3a would be expected to constitute a small fraction of the probe, a detectable signal was found on Dp3a (Fig. S6) , and further data connecting the CENH3-associated region and Dp3a are presented below.
Having validated cytologically the composition of the recovered DNA, we then subjected these samples to Illumina sequencing. The reads were mapped to the maize genome using the BWA software (21) . About 76% of the total reads had perfect genomic matches to the maize B73 genome (22) (Table S1 ). We used ChIPSeq reads per million (RPM) in 10-kb genomic regions to compare the CENH3-binding intensity between plants with and without the Dp3a chromosome. Generalized CentC and CRM sites within the genome sequence matched the sequences enriched by ChIP. In addition, we identified a distinct peak of CENH3 association in the long arm of chromosome 3 in the Dp3a sample, which was absent in the control sample without the extra chromosome (Fig. 4) . This region served as a candidate for CENH3 association on Dp3a. The peak region included 22 protein-encoding genes, but only 11 genes had CENH3-binding signals above the control levels ( Fig. 4 and Table S2 ). We used probes (Table S2 ) from one of these genes (GRMZM2G045275), which was chosen for its size and clear position within the CENH3-associated region, to perform FISH and detected hybridization signals on both the Dp3a chromosome and the long arm of chromosome 3, confirming that the 350 kb was from chromosome 3 ( Fig. 5 ). From the above results, we hypothesize that chromosome 3 was fragmented during the UV irradiation process to produce Dp3a and that CENH3 was seeded within the 350-kb region, at least to some degree, to organize a kinetochore. The initial deposition of CENH3-containing nucleosomes might not have spanned the 350-kb region but must have been sufficient for recovery of the chromosome. This fragment was transmitted to daughter cells with a normal chromosome 3 and has been subsequently inherited over generations. In summary, we demonstrated that the small chromosome Dp3a originated from the long arm of chromosome 3 and has features that suggest it is a linear chromosome. The evidence for de novo centromere formation is as follows: (i) Dp3a contained no centromere array typical of a normal chromosome or even any detectable CentC or CRM sequences; (ii) all of the biochemical features of centromere function such as the presence of CENH3, CENP-C, and phosphorylation characteristics are present; (iii) ChIP of CENH3 identifies a 350-kb region unique to the sample carrying Dp3a that is present in 3L near the location of genetic markers (A1 Sh2) known to be present on the chromosome; and (iv) FISH using a probe consisting of a gene within the region of CENH3 association localizes to Dp3a. Together, the data suggest that a 350-kb region of 3L spanning unique genes became associated with CENH3 and confers kinetochore formation.
It seems likely that de novo centromere formation occurred immediately after UV irradiation. However, the chromosome is highly unstable (Fig. S1) , suggesting that the centromere function is subnormal. The size of the CENH3-binding domain is considerably smaller than those of the normal sequenced centromeres 2 and 5, which are ∼1.8 and 4.2 Mb, respectively (11) . Experimental reduction of the size of the B chromosome centromere to the same size range of the CENH3-associated sequences in Dp3a will result in impaired function and instability (23) (24) (25) . If centromeres in maize do not function optimally below this potential size threshold, the initiation of new sites for centromeres during karyotype evolution would need to span a greater length or spread from an initial focus. Centromere inactivation has been documented in several cases in maize, including in irradiated material (26, 27) . Thus, both inactivation and de novo formation have been found in rearranged genomes. However, because de novo formation is potentially restricted in size below the limits of normal Table S2 .
function, these considerations are consistent with the fact that, over evolutionary time, centromere death is more common than centromere birth (28) . These results provide further evidence of the epigenetic basis of centromere function in maize, in the case described here, by the initiation of a centromere over unique sequences. The results illustrate the features of an incipient centromere and will provide a model system for understanding how new centromeres are formed.
Materials and Methods
Immunolocalization and FISH. Dp3a seeds were kindly supplied by Pat Schnable (Iowa State University, Ames, Iowa) and the Maize Genetics Stock Center. FISH and immunolocalization in mitosis and meiosis was performed as described (27, 29) . The images were captured as a confocal Z-stack (Zeiss LSM 710 NLO), and a flat projection of the 3D image was created with the ZEN 2009 Light Edition (Zeiss), processed with Photoshop CS 3.0 (Adobe). Fluorochromes used were Texas Red and Alexa488, which are referred to as red and green, respectively.
Chromatin Immunoprecipitation. ChIP was performed according to previously described protocols (30) with only minor modifications. Antibody used for ChIP was rabbit polyclonal anti-CENH3, which was affinity-purified, and the concentration was 0.83 mg/mL. Approximately 10 g of fresh leaf tissue was collected. Extracted nuclei were digested with micrococcal nuclease (Sigma; N3755). The digested chromatin was used for ChIP experiments using maize CENH3 antibody (5 μL antibodies per 25 μg chromatin). The CENH3 antibody is a rabbit polyclonal against the peptide RPGTVALREIRKYQKSSTSATPER-AAGTGGR. The antibody was produced and supplied by GL Biochem.
ChIP-Seq and Data Analysis. Plant materials with and without Dp3a were subjected to the ChIP protocol as described above. We used 30 ng of DNA from each ChIP sample for library preparation following the instructions of the Illumina ChIP-seq sample-prep kit. Fragments (280-500 bp) were selected by gel extraction. The Illumina HiSeq2000 platform was used for sequencing, generating paired-end 100-nt reads. Alignment of the ChIP-seq data to the B73 reference genome (Release 5a) was carried out using BWA software (21) , allowing at most three mismatches. Reads that were mapped to a unique genomic location were chosen, and only a random one was used for copy duplicates (reads mapped to the same location). To compare different samples, RPM values were calculated with 10-kb windows along the genome. Figures were produced using R scripts. The CENH3 ChIP data have been deposited in the Gene Expression Ominibus database under accession nos. GSM1057274 and GSM1057275. 
